Background: Neuropathic pain remains a significant challenge with unsatisfactory therapeutic options. Its pathogenesis may involve the neuropathic triad of neuronal, glial and immune cells. Communication between these cells is possibly perpetuated by mitogen-activated protein kinase (MAPK)-signaling. For several years, we successfully treated a rectal cancer patient with the epithelial growth factor receptor (EGFR)-inhibitor cetuximab, for debilitating neuropathic pain due to progressive malignant invasion of the sacral plexus. Here, we report the effect of treatment with various EGFR-inhibitors in five additional patients with severe and long-standing, therapy-resistant neuropathic pain. Methods: All patients had well-documented neuropathic pain syndromes with the following etiologies: inflammatory polyneuropathy, complex regional pain syndrome type 1, radiculopathy after failed back surgery, malignant invasion of the sacral plexus by bladder cancer, and phantom limb pain. All patients were given intravenous (extracellular) EGFR-inhibitors (cetuximab, panitumumab) initially, and switched to oral (intracellular) agents (gefitinib, erlotinib) after an analgesic effect was obtained. Results: Four of the five patients responded, all within 24 h of intravenous administration, with a mean decrease in worst pain from 9 to 1 on a 10-point scale. All four EGFR-inhibitors were effective. The clinical courses, including patient-reported pain relief, are prospectively documented with 78-219 days follow-up for those who responded to treatment. Toxicities were transient and manageable. Conclusions/implications: EGFR-inhibition resulted in dramatic relief of neuropathic pain. A plausible biological explanation involves the interruption of MAPK-signaling. The role of EGFR-inhibition as a target for the treatment of neuropathic pain appears promising and warrants investigation.
Introduction
Neuropathic pain (NP) is caused by a primary lesion or disease of the somatosensory system [1] . Not uncommonly, its severity, chronicity and the poor side-effect to benefit ratio of current pharmacotherapy for NP [2] lead to severely impaired physical and psychological functioning [3] . In the general population, the incidence of NP is estimated to be 1% and rising [4] . The resulting DOI of refers to article: http://dx.doi.org/10.1016/j.sjpain.2012.11.012. Abbreviations: NP, neuropathic pain; MAPK, mitogen-activated protein kinase; EGFR, epidermal growth factor receptor; CRPS1, complex regional pain syndrome type I; PLP, phantom-limb pain; ILD, interstitial lung disease; HER, human epidermal growth factor receptor; RTKs, receptor tyrosine kinases.
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prevalence of moderate to severe chronic NP is 5% [5] , making it a common and formidable health problem. Despite the numerous etiologies of NP, the mechanism of its perpetuation appears to involve the interaction of neuronal, glial and immune cells [6] . Communication between these cells has been attributed to signaling via the family of mitogen-activated protein kinase (MAPK) proteins [7] .
We recently reported the repetitive dramatic relief of NP in a rectal cancer patient treated with cetuximab [8] , a monoclonal antibody against the epidermal growth factor receptor (EGFR), which consequently inhibits MAPK-signaling [9] .
Since EGFR-inhibitors are approved oncologic drugs with primarily transient and manageable side effects, we have offered this treatment to five additional patients with chronic, debilitating and therapy-resistant NP.
Case series
The patients in this series have all had longstanding and debilitating NP. The NP syndromes of the responders can be classified as complex regional pain syndrome type I (CRPS1), failed back surgery syndrome, phantom-limb pain (PLP) and cancerous invasion of sacral nerve roots. Baseline characteristics, previous treatments and physical findings of the patients are summarized in Table 1 and Fig. 1 .
Response to treatment
The patients were asked to complete a BPI short form [11, 12] daily, just before and during the EGFR inhibition, in order to document their neuropathic pain and thus, help us to judge their responses and guide treatment decisions. The responding patients' scores are summarized in Fig. 2 . We report follow-up of 78-219 days for those who have responded to treatment.
Case 1 was given three weekly infusions of cetuximab. The treatment had no effect on the patient's NP and treatment was discontinued (data not shown).
Case 2 was given weekly infusions of cetuximab ( Fig. 2 , red arrows). Within 24 h after the first cetuximab dose, she experienced complete pain relief. After three weekly infusions of cetuximab, treatment with the monoclonal antibody panitumumab was attempted (Fig. 2 , blue arrow). This EGFR-inhibitor is administered biweekly and was given in an attempt to simplify the treatment. However, the patient reported recurrence of severe pain on the very same evening as the panitumumab infusion. She received a therapeutically successful infusion of cetuximab the following day. After a total of six infusions of cetuximab, EGFRinhibition was converted to the oral small molecule inhibitor, gefitinib, so that the patient could be free to travel abroad.
Gefitinib was started seven days after the last cetuximab infusion and the patient continued to be free of NP. EGFR inhibition has had no effect on the vasomotor symptoms that accompany CRPS1. However, the pain relief has enabled her to comply with physiotherapy, which was previously hampered by extreme pain. As a consequence, there is indirect improvement in the edema that otherwise complicates her condition and that can lead to permanent disability.
Nineteen weeks after her first gefitinib dose, and 25 weeks after her first cetuximab infusion, the patient's NP continued to be completely relieved, but she developed elevated liver transaminases. Gefitinib was discontinued and within 48 h, her excruciating pain recurred (see Fig. 2 ). Intravenous panitumumab was again attempted (see blue arrow, Fig. 2 ). This time she had not been given cetuximab shortly beforehand and she experienced pain relief within hours.
Case 3 was given two weekly infusions of cetuximab (Fig. 2 , red arrows). Within hours after the first infusion, his severe and persistent pain was reduced significantly and it disappeared completely -worst pain; weakest pain; ---influence on daily activity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) within the following days. After his second dose of cetuximab, the patient waited to start a new treatment until the pain recurred, on day eleven.
At that stage, treatment was converted to gefitinib tablets (Fig. 2 , green arrow). His pain continued to increase for the first two days of oral treatment. However, from the third day of gefitinib, the pain gradually improved to levels as good as those he had experienced with cetuximab. The patient's NP was so well-controlled that he could resume his former active lifestyle. One month after starting gefitinib he developed pneumonia. A mild degree of dyspnea persisted after its treatment and early interstitial lung disease (ILD) could not be excluded. Gefitinib was therefore discontinued (see Fig. 2 ) and NP recurred after three days. A dose of panitumumab was subsequently given with effective pain relief on the very same evening. When, after approximately three weeks, his pain recurred, pregabalin at a dose of 75 mg twice daily was attempted. He had previously been unsuccessfully treated with gabapentin, but due to the uncertainty surrounding the possibility of ILD, an attempt at further conventional treatment was felt to be warranted before continued treatment with an alternative oral EGFR inhibitor. The patient responded to pregabalin, and continues to be pain-free at 28 weeks follow-up.
Case 4 was given cetuximab after treatment with the combination of gabapentin, amitriptyline, paracetamol, steroids, and titration to a 24-h morphine-equivalent dose of 1800 mg failed to control his NP. Within hours after the infusion of the EGFR inhibitor, the patient experienced complete relief of his NP for the first time in over six months. Just three days after the first cetuximab treatment, his opioid and gabapentin doses were reduced by 50%, limited only by the fear of abstinence symptoms and rebound effects. Cetuximab was converted to oral gefitinib at the time of the next planned treatment (Fig. 2, green arrow) . Complete relief from NP was maintained despite progressive tumor invasion of pelvic nerves (see Fig. 1 ). His neuropathic pain continues to be completely relieved by gefitinib at 27 weeks of follow-up.
Case 5 received panitumumab while she was being treated with palliative gemcitabine for metastatic pancreatic cancer. Despite symptomatic cancer, chronic PLP radiating down her left leg was her major complaint. She had developed stump atrophy, contractures and pain which prohibited the use of her prosthesis. Within hours after the infusion of panitumumab, her PLP decreased to 50% (see Fig. 2 ). She subsequently required less breakthrough pain medication, was able to sleep through the night and her quality of lifeimproved. The intensity of worst pain recurred to baseline levels after one week, but was again alleviated within one day after the second infusion of panitumumab.
Erlotinib is an oral EGFR-inhibitor approved for treatment of pancreatic cancer. Panitumumab was therefore replaced by erlotinib after an analgesic response was observed (Fig. 2,  orange arrow) . Again, the patient reported PLP improvement with erlotinib, but this is not clearly conveyed in her BPI measurements (see Fig. 2 ). Her opioid requirement diminished and she was able to use her prosthesis for the first time since her amputation. However, swelling and contractures around her knee joint made its use extremely painful, but for the first time, it was possible. BPI scores therefore reflect both prosthesis pain and variations in abdominal pain from pancreatic cancer. PLP is no longer her major complaint, while her pancreatic cancer has remained radiologically stable.
Side effects
Cases 1, 2, 3 and 5 experienced mild acneiform rash and dry skin. These side effects were largely self-limiting, the acne resolving with the use of oral tetracycline. Case 2 developed elevation of liver transaminases during gefitinib treatment. They reached four times the upper limit of normal after four months of gefitinib and then normalized within a month after its discontinuation. Case 3 developed unilateral iridocyclitis after his first infusion of cetuximab, and again after infusion of panitumumab. He required treatment with topical steroids and cyclopentolate, and this also resolved completely. We could not entirely rule out the rare side effect of ILD after a bacterial pneumonia in case 3. His lung function tests normalized within two weeks, without specific treatment, making an ILD less likely. Case 4 developed grade 3 aseptic meningitis on the same day as his infusion of cetuximab. He was admitted to the intensive care unit but the condition proved to be self-limiting and he was discharged, completely recovered, after five days. Both iridocyclitis and acute aseptic meningitis have previously been described in the literature as rare and transient, despite continued EGFR-inhibition [13, 14] .
Discussion
We suggest the relief of NP to be a potential class effect of EGFR-inhibitors, since all four tested drugs were effective. The successful analgesic treatment of NP in four patients with different underlying mechanisms of pain is consistent with the effect described in our previous report [8] . Four of the five patients offered this treatment experienced dramatic and rapid analgesic responses after long-standing NP refractory to standard treatments.
Both extracellular (cetuximab and panitumumab) and intracellular (gefitinib and erlotinib) EGFR-inhibition led to NP relief.
Further support for a genuine drug effect is derived from clinical observations in case 3 whereby his pain recurred 11 days after cetuximab and roughly 20 days after panitumumab infusions, consistent with the half life of these drugs [15, 16] and with observations from our previously reported case [8] . The fact that the patient's pain responded more slowly to the oral drug than to intravenous administration of both cetuximab and panitumumab also supports the hypothesized causal and direct effect of EGFR inhibition.
Case 2 reported a dramatic increase in pain just hours after infusion of the anti-EGFR antibody panitumumab. A recent study has demonstrated that cetuximab and panitumumab hinder each other's EGFR binding [17] . This interaction may have played a role in the rapid recurrence of pain observed in this case. She experienced complete pain relief after treatment with panitumumab when she was in pain and had not been given cetuximab shortly beforehand.
All anti-EGFR drugs employed in these patients were developed to inhibit EGFR1-activation and, amongst others, MAPK-signaling by EGF in cancers. The observed effect may be due to inhibition of EGF, but by blocking EGFR1, these drugs also have the potential to inhibit other EGFR1-binding ligands, either directly or by inhibition of human epidermal growth factor receptor (HER) family heterodimerization [9] . It is in that respect of interest, that the neuregulin 1-ErbB3-ErbB2 complex has recently been suggested to be a causal mechanism in mechanical injury-induced trigeminal NP in rats [18] .
Several receptor tyrosine kinases (RTKs) have the potential to activate MAPK-signaling, which has been proposed as a target for therapies directed against NP, as well as other chronic neurological diseases [7, 19] . After nerve injury, neurons upregulate members of the HER-family of receptors [20, 21] , thereby potentially increasing their activation of the MAPK signaling [7] cascade. This may lead to further interaction between cells in the neuropathic pain triad [6] . We have therefore previously hypothesized a direct inhibition of MAPK-signaling by cetuximab in neuronal or glial cells [8] .
Neuregulin is an important regulator of the neuropathic pain triad [22] . Expression changes in neuregulin 1 isoforms in NP model rats suggest a link between the EGFR and NP [23] . Furthermore, neuregulin signaling pathways have been shown to be biomarkers of cetuximab efficacy [24] .
All four responding patients experienced some degree of transient side effects from the EGFR inhibitors. Despite this, continued anti-EGFR treatment was felt to be appropriate because of the significant impact that it had had on their pain, function and future prospects. After many months of excrutiating NP, leading to severely impaired physical and psychosocial functioning, all four responding patients almost immediately regained a QOL that was previously unimaginable.
Conclusion
EGFR-inhibition resulted in dramatic relief of NP in four of five patients with severe, long-standing and treatment-refractory NP. A plausible biological explanation involves the interruption of MAPKsignaling by EGFR-inhibition. The role of EGFR-inhibition as a target for the treatment of neuropathic pain appears promising and studies evaluating its therapeutic potential are warranted.
